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Excitons in semiconductors and insulators consist of fermionic subsystems, electrons and holes, whose attractive 
interaction facilitates bound quasiparticles with quasi-bosonic character due to even-numbered pair spins. In the 
presence of a degenerate electron gas, such excitons dissociate due to free carrier screening, leaving a spectrally 
broad and faint optical signature behind. Contrary to this expected behaviour, we have discovered pronounced 
emission traces in bulk, germanium-doped GaN up to 100 K, mimicking excitonic behaviour at high free 
electron concentrations from 3.4E19/cm3 to 8.9E19/cm3. Consequently, we show that a degenerate, three-
dimensional electron gas stabilizes a novel class of quasiparticles, named collexons, by many-particle effects 
dominated by exchange of electrons with the Fermi gas. The observation of collexons and their stabilisation with 
rising doping concentration, is facilitated by a superior crystal quality due to perfect substitution of the host atom 
with the dopant.  
 2 
Many striking thermodynamic effects in nature are based on the reduction of the repulsive interaction between 
fermions or even on the bosonization of fermions and fermion complexes.1 Prominent examples are macroscopic 
quantum phenomena such as superfluidity2 and superconductivity.3 Besides in the ground state, such phenomena 
can also be observed in excited states, e.g., of non-metallic matter with quasi-bosonic, excitonic excitations4,5 in 
the low-excitation-density limit. Here, an ideal bosonic behaviour is prevented by electron-electron, hole-hole, 
and electron-hole interaction, hampering the system of interacting fermions to be condensed into a system of 
entirely massless, non-interacting bosons.6,7 
Even more intriguing is the interaction of such quasi-bosonic excitons with a dedicated, degenerate Fermi system 
in its ground or even excited state - another fundamental phenomenon in many-body physics leading to exciton-
cooling8 or even the short-lived stabilisation ( 25 ps) of extended aggregates like the dropleton9 in an electron-
hole plasma at a temperature of 10 K. In contrast, excitons in bulk semiconductors commonly dissociate in the 
presence of a degenerate electron gas due to screening of the Coulomb interaction, leaving behind only the 
optical traces of band-to-band transitions.10 
The influence of high free carrier concentrations on electronic states in heavily doped semiconductors is well-
known.10 Rising free carrier concentrations alter the optical characteristics of the semiconductor through the 
Burstein-Moss shift11,12 (BMS), band gap renormalization13 (BGR), and Pauli blocking of the optical 
transitions.14. In the limit of high free carrier concentrations, decreasing exciton binding energies facilitate a 
transition to Mahan-like excitons15 at the Fermi edge singularity.16 Excitonic excitations above the band edge 
have already been discussed for bulk systems17 above the Mott density18 - the onset of a metal-like state. 
Ultimately, the quasi-bosonic character of excitons is lost upon their dissociation into purely fermionic 
constituents (electron and hole). The spatial confinement inherent to nanostructures19–21 like quantum dots22,23 
and quantum wells8,24 stabilises quasiparticle complexes causing distinct optical features even under intermediate 
free carrier concentrations, with recent papers even reporting trions in two-dimensional crystals like MoS2 
layers.25,26 
Here, we show that a novel class of exciton-like particles, named collexons, can increasingly be stabilised with 
rising density of a degenerate electron gas in a bulk semiconductor (GaN) up to 100 K due to many-particle 
effects. Upon optical excitation long-lived (> 250 ps), strongly localised quasiparticles are formed, which do not 
only comprise a single electron-hole pair, but also the collective excitation of the entire degenerate electron gas 
in the high-density limit. Contradicting the common behaviour of heavily doped semiconductors, the entire 
emission intensifies and its decay time slows towards increasing free electron concentration, while the collexonic 
emission narrows spectrally, as long no compensation occurs. Based on theoretical modelling of this intricate 
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many-particle problem, we present a model that is consistent with all of our experimental findings, 
demonstrating an increasing bosonization of collexons with rising electron concentration. Our results confirm 
that, collexons are fundamental, many-particle excitations in the presence of a degenerate electron gas 
irrespective of the particular semiconductor host material. 
Photoluminescence signature of heavily doped GaN:Ge 
Figure 1 shows the PL signal of a highly germanium-doped (free electron concentration: n = 5.1E19/cm3), n-
type GaN film at a temperature of 1.8 K. Despite the present high doping level, two pronounced peaks stand out 
at ΕN∗
L  = 3.492 eV and EN
U = 3.505 eV, labelled XL and XU. We emphasize that emission lines with such low half 
width at half maximum (HWHM) values, with γN∗
L = 4.50 ± 0.05 meV and γN
U = 3.0 ± 0.1 meV, represent a highly 
unusual observation at the given doping level. We can exclude any luminescence contributions from the 
underlying buffer layer of pure GaN or inhomogeneities in the doped layer as discussed in the Supplementary 
Information (SI) under Supplementary Note 1. 
A well-known characteristic band-to-band luminescence27 evolves with the doping level as illustrated in the inset 
of Fig. 1. Here, the spectra range from a non-intentionally doped GaN (NID) reference sample (bottom, grey 
line) up to a free electron concentration of n = 8.9E19/cm3 (top, green line) obtained by Hall effect measurements 
supported by an in-detail Raman analysis, cf. Supplementary Note 2. While the luminescence of the not-
intentionally doped sample is still dominated by donor bound excitons,28 any rise of the germanium 
concentration (nGe) by intentional Ge doping causes a spectral broadening as frequently observed for various 
semiconductor compounds.29,30 Once the free electron concentration suffices, the corresponding Fermi energy 
passes the conduction band and causes above band gap luminescence due to the BMS, while the simultaneous 
extension of the luminescence towards lower energies is caused by the BGR, cf. Fig. 1. The corresponding 
critical carrier density is the Mott-density, at an electron concentration of about n = 7E18/cm3 - 1E19/cm3 in 
GaN.27,31 
Several observations based on Fig. 1 contradict the standard model for the behaviour of highly doped 
semiconductors. First the high doping level in the present case causes the appearance of distinct peaks (XL and 
XU), and second the entire luminescence intensity in the band-edge region rises with nGe due to an extraordinarly 
high crystal quality. Additionally, the lifetime τBMS of the BMS-shifted band-to-band transitions close to the 
Fermi edge increases with nGe - a clear sign of negligible compensation (see Supplementary Note 3). A 
combination of SIMS, Hall-effect, Raman, transmission, reflection, and PL measurements (see Supplementary 
Note 2), proves that the present set of highly germanium-doped GaN samples exhibits only minor compensation 
 4 
effects as only a well-tolerable concentration of, e.g., extended structural defects and deep carrier traps is 
introduced.32,33 Hence, the free electron concentration n scales with the dopant concentration nGe in an almost 
linear fashion, with the highest doped sample as only exception, cf. Supplementary Note 2. The main reason for 
the overall high crystalline quality is given by the similarity of the Ge4+ and Ga3+ core radii and bond lengths in 
GaN.34 The only significant doping-induced difference is the additional valence electron of Ge, that leads to the 
Fermi sea formation - a most ideal, textbook-like doping situation. 
The effect of the high doping concentration in combination with low compensation is directly revealed by the 
particular luminescence characteristics of XL and XU, cf. Tab. I. The spectral splitting between both peaks - the 
binding energy of XL (Ebind = EN
U  −  ΕN∗
L ) in regard to XU - diminishes with rising free electron concentration. 
Simultaneously, the line-broadenings γN∗
L (n) and γN
U(n) (HWHM) decrease indicating a stabilisation mechanism. 
In addition, the time-resolved PL (TRPL) measurements from Fig. 2a reveal a characteristic scaling behaviour of 
the associated decay times along with pronounced quasiparticle transformation processes studied in more detail 
based on PL excitation (PLE) spectroscopy, cf. Fig. 2b. All these observations underline the novel characteristics 
of the elementary excitations that are not inhibited, but instead truly stabilised by the degenerate electron gas. 
Doping-driven balance of the fundamental excitations 
The decay times of the XL and XU excitations surpass the value of the background BGR- and BMS-luminescence 
(compare Supplementary Note 3), indicating a localization mechanism induced by the Fermi sea of electrons. 
Interestingly, the decay times of the BGR- and BMS-luminescence increase with rising doping concentration 
(see Supplementary Note 3). Additionally the decay times τD
L  and τD
U follow this trend, cf. Tab. I. While the 
high energy peak (XU) features a fast rise time (τR
U < 10 ps) in all transients shown in Fig. 2a (blue and red data 
points), its low energy counterpart (XL) exhibits a well-resolvable rise time τR
L  that diminishes with rising doping 
concentration, cf. Tab. I. The solid lines in Fig. 2a represent the results of a biexponential fitting model, taking 
into consideration rise and decay times (n = 3.4E19/cm3 and 5.1E19/cm3). While only the highest doped sample 
required the inclusion of a second decay time due to the onset of compensation and structural defect formation.28 
Figure 2b (top) shows the PLE spectra with detection energies directly associated to XL, XU, and a defect-
related feature in the regime of the BGR-luminescence unique to the sample with the highest free electron 
concentration (n = 8.9E19/cm3). All differential PLE detection energies are assigned to the corresponding 
absolute PL energies by vertical, dashed lines, cf. Fig. 2b (bottom). We show such differential PLE detection 
energies in order to eliminate the minor influence of varying strain levels in our samples as discussed in 
Supplementary Note 2. The PLE spectrum of XU (blue) features only one excitation channel comprising a hole 
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from the A-valence band and an electron in the first excited state of the exciton-like complex - a situation similar 
to the excited A-exciton in high-quality, undoped GaN samples (see Fig. S6).35–37 In contrast, the PLE spectra 
related to XL (red - colour gradient) appear as much less perturbed due to the enhanced localisation. That means, 
in the high energy regime, two additional excitation channels appear, comprising holes from the B- (XB
U) and C- 
(XC
U) valence band along with an electron in the ground state, cf. Supplementary Note 2. In addition, close-to 
resonant excitation of XU boosts the intensity of XL, driving a quasiparticle transformation process, whose 
dynamics is quantified by τR
L  extracted from the time-resolved analysis. Interestingly, the intensity of the 
excitation channel related to XU rises with doping concentration, while the entire PLE spectrum of XL gets more 
distinct. This observation, in addition to the particular scaling behaviour of the rise time (τR
L ) with doping 
concentration, supports the identification of XU and XL as the exciton-like collexon, and the four-particle 
complex, the bicollexon, both stabilised by the Fermi sea. 
Shifting the PLE detection towards lower energies (e.g. 3.425 eV) yields a PLE spectrum that exhibits 
resonances in close energetic vicinity to XU and XL. The energy shift in between the PLE resonances related to 
XU and XL and the corresponding luminescence features are clear indications for a light self-absorption 
process28,38 as further described in Supplementary Note 4. Nevertheless, the assignment between the 
luminescence peaks and the corresponding excitation channels is apparent from Fig. 2b, showing that holes from 
the three topmost valence bands contribute to XL, while the complexes related to XU possess an efficient 
conversion pathway towards XL. Naturally, both complexes can dissociate and therefore contribute to any 
luminescence at lower energies as their components - electrons and holes - relax towards the corresponding 
defect bands, cf. Fig. 2b. 
Trivial interpretations for XU and XL as, e.g., classical bound excitons related to germanium can be excluded. No 
discrete emission peaks with linewidths in the meV-regime should occur for this case because high dopant 
concentrations typically create a broad,39 Ge-related defect band, causing a wide energy spectrum for bound 
excitons. Additionally, the reflectivity is heavily altered in energetic vicinity to XU and XL, indicating strongly 
localised elementary excitations (see Supplementary Note 4 for details). Their thermalisation behaviour even 
reveals the stability of XU and XL up to a temperature of 100 K (see Supplementary Note 1 and 5). 
Interpretation 
All experimental observations correlate with the formation of many-particle complexes (see Supplementary 
Methods 1 for details). The XU peak is identified as a complex interacting with the Fermi sea, achieving its 
stabilisation by exchange of electrons. Indeed, the most important energy gain mechanism providing stability in 
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an electron gas is particle exchange.14 This effect is illustrated in the upper, left panel of Fig. 3a. The second low 
energy peak XL is correspondingly interpreted as a more extended, many-particle complex, capturing an 
electron-hole pair from the Fermi sea (see upper, right panel of Fig. 3a). In contrast to the interband electron-
hole pair forming the complex XU, the collexon, the additionally captured electron-hole pair is of intraband 
nature. The resulting four-particle complex in interaction with the excited Fermi sea, the bicollexon, is 
consequently stabilized by electron exchange and Coulomb attraction. Its total excitation energy is lowered by 
the effective binding energy of the additional intraband electron-hole pair. Here, this effective value is the full 
binding energy minus the excitation energy of an electron from the Fermi sea above the Fermi level, leaving a 
hole behind.  
In contrast to trions,8,23–26 the bicollexon is electrically neutral, spinless, and of bosonic nature. PL measurements 
in presence of a magnetic field up to 5 T (not shown) do not reveal any shift or splitting of the collexon lines 
from Figs. 1 and 2b. We cannot exclude the formation of even larger complexes with more than one intraband 
electron-hole pair but only slightly smaller excitation energies in comparison to the bicollexon. Indeed, in 
Fig. S9 the XL peak exhibits a prominent line-shape asymmetry below 10 K that may be traced back to 
additional, weakly bounded intraband electron-hole pairs. The theoretical picture developed for low or 
moderately doped semiconductor nanostructures as quantum wells, wires, or dots cannot be applied in the 
present case. The measured free electron concentrations (n = 3.4E19/cm3, 5.1E19/cm3, 8.9E19/cm3) correspond 
to Fermi energies of εF = ℏ
2kF
2 2me
∗⁄ = 166, 217, and 315 meV in the conduction band with a Fermi wave 
vector of kF = (3π
2n)1 3⁄ = 1.00, 1.15, and 1.38 nm-1, if an isotropic electron mass me
∗ = 0.231 m𝑒 is 
assumed.27 Direct comparison with the Bohr radius of an A-exciton in GaN (aex = 2.16 nm) shows that the high-
density limit aexkF ≫ 1 beyond the Mott density is reached, where free excitons and their charged, trionic 
counterparts are completely dissociated, nullifying their relevance for optical data in the high-density regime.  
The extraordinary role of the degenerate electron gas for the formation of XU and XL is illustrated in Fig. 3a. The 
ground state (G) of the system is given by the Fermi sea in the Γ7c conduction band of GaN:Ge. Upon optical, 
inter-band excitation, the collexon is formed as an electron-hole pair well below the Burstein-Moss edge, but 
strongly coupled to the degenerate electron gas and scattered by the N electrons present in G state. The collexon 
forms a first excited state stabilized by the Fermi sea of electrons through unscreened electron exchange 
(illustrated by the arrows in Fig. 3a). It is protected against interactions with polar optical phonons, since the 
Fröhlich coupling40,41 is also screened. The formation of the larger complex XL as a second excited state with a 
lower excitation energy is consequently explained by a two-step procedure. First, virtually, a collexon is excited. 
Second, scattering of the collexon in the Fermi sea excites an electron and leaves a hole behind, yielding a 
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bicollexon complex, which emits at lower energies with respect to the collexon, cf. Fig. 3a. Finally, XL is a 
highly unconventional, mixed complex constituting intra- as well as interband excitations that originate from the 
optical excitation and the subsequent exciton-electron scattering (γUL) and coupling mechanism to the Fermi 
sea. The optical decay of a bicollexon leaves an intra-band excitation behind that will relax rapidly towards the G 
state - the unperturbed Fermi sea in the conduction band. 
The particular formation process of the bicollexon XL explains the occurrence of the rise time (τR
L ) in the 
corresponding PL transients in Fig. 2a and the particular excitation channel in close energetic vicinity to the 
collexon XU, cf. Fig. 2b (top). The rising free electron concentration promotes the excitation channel associated 
to XU as the probability for electron exchange events is enhanced. The PLE spectra of XL (red - colour gradient) 
from Fig. 2b (top) confirm their correlation. The increasing stabilisation mechanism via electron exchange is 
quantified by τR
U and τR
L  and their particular scaling behaviour with rising doping concentration (see Tab. I) in 
qualitative agreement with the spectral narrowing in Fig. 1. 
Modelling and discussion 
Even the most sophisticated theory focused on solving the Bethe-Salpeter equation is unsuitable to describe 
electron-hole excitation complexes with two or four particles coupled to the degenerate electron gas,14,16 mainly 
due to the omission of vertex corrections to the integral kernel and non-particle conserving interactions (see 
Supplementary Methods 1 for details). Therefore, an intuitive physically theory is developed. In the low 
excitation limit, the absorption and emission properties are dominated by bound states, e.g., of free 1s-
excitons14,42 or trions43–45 and can be simulated by the imaginary part of a frequency-dependent optical 
susceptibility 𝜒(𝜔) as a sum of such quantities in oscillator form.14,42,43 We follow this approach to describe the 
collexon and bicollexon by 
χ(ω) = |M|2 {NU
|ϕN
U(0)|
2
EN
U(n)−ℏω−iγN
U(n)
+ NL
|ϕN∗
L (0)|
2
EN
U(n)−∑ (n)LN∗ −ℏω−iγN
U(n)
}.
     
(1) 
Here, EN
U(n) and γN
U(n) denote the density-dependent excitation energy and the line-broadening of the collexon 
(XU), cf. Tab. I. The capture process of an additional electron-hole pair constituting the bicollexon (XL) is 
described by a self-energy ∑ (n)LN∗ .
44,45 Its negative real part Ebind(n) = −Re ∑ (n)
L
N∗  is the effective binding 
energy of the additional intraband electron-hole pair affected by the degenerate electron gas, ΕN∗
L (n) = ΕN
U(n) +
Re ∑ (n)LN∗ , while the negative imaginary part −Im ∑ (n)
L
N∗  characterises the modification of the bicollexon's line-
broadening γN∗
L (n) = γN
U(n) + Im ∑ (n)LN∗ . The density-dependent envelope functions ϕN
U(0) and ϕN∗
L (0) of the 
many-particle complexes XU and XL appear in real space at the coordinate centre because the optical transition 
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matrix element M is approximated by its value at the Γ-point.14,42 Their squares characterise the localisation of 
the many-particle complexes with rising electron density. The index N labels the stabilizing degenerate gas with 
N electrons, the corresponding index N∗ indicates that the intraband electron gas is excited with an electron 
above the Fermi level and a hole in the Fermi sea, while the pre-factors NU and NL describe the number of 
corresponding complexes, cf. Supplementary Methods 1. Only the rate γUL, introduced in Fig. 3a, is directly 
accessible via TRPL measurements yielding τR
L . 
The modelling of PL spectra without the band-to-band contribution (compare Fig. 1) based on the fit model from 
Eq. 1 is shown in Fig. 3b, considering slightly varying strain levels, cf. Supplementary Note 2. The most 
important parameters of the excitations are fitted self-consistently with the determined free electron 
concentration n. These are the relative positions of the two peaks EN
U and ΕN∗
L , the line-broadenings γN
U(n) and 
γN∗
L (n), as well as the relative oscillator strengths IN
U(n) = NU |ϕN
U(0)|
2
 γN
U(n) and IN∗
L (n) =
NL |ϕN∗
L (0)|
2
 γN∗
L (n) for the PL case. Despite the stabilization tendency due to the electron gas, Ebind(n) of the 
additional intraband electron-hole pair decreases with rising n (see Fig. 3b and Tab. I) due to increasing 
intraband excitation energies that scale with the Fermi energy. The HWHM values of both emission lines, γN
U(n) 
and γN∗
L (n), reduce with rising n in accordance with a decay time prolongation - a statement particularly true for 
XU (see Tab. I and Supplementary Note 2). Naturally, the inverse of the decay times τD
U/L
 is always much 
smaller than γN
U/L
 considering the time-energy uncertainty, due to parasitic, e.g., Auger and phononic process 
(see Supplementary Methods 1). 
The entire set of lifetime and emission line widths trends unequivocally confirms the stabilizing action of the 
degenerate electron gas. The bicollexon emission line broadens in comparison to its collexon counterpart due to 
the increase of Im ∑ (n)LN∗ = 1.0, 1.5, 1.9 meV, cf. Tab. I. Interestingly, while the relative intensities IN∗
L (n)/
IN
U(n) remain almost constant with rising n in accordance with the PL spectra (see Fig. 3b), the bicollexon 
dominates the collexon peak despite of its higher complexity. This result directly illustrates the efficiency of the 
binding mechanism of the intra-band electron-hole pair, a process that can only be overcome under extreme 
optical pump conditions (> 10 MW/cm2). 
In summary, the fit of the PL spectra in Fig. 3b by means of Eq. 1 confirms the identification of XU and XL as 
neutral and spinless electronic excitations, a collexon and a bicollexon, respectively, both stabilized by the 
degenerate electron gas. 
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 After the doping-induced complete dissociation of the quasi-bosonic excitons into their fermionic constituents, a 
bosonic revival manifests due to the stabilising action of the degenerate electron gas.
 
In general, the discovered 
two fundamental excitations should occur in the optical signature of any highly doped and at the same time 
lowly compensated semiconductor with an extraordinary high crystalline quality. No additional spatial 
confinement of carriers as in quantum well and quantum dot structures is needed.44–46 In contrast, the formation 
of collexons is even favoured in bulk material due to the interaction with the 3D Fermi gas. Nevertheless, both, a 
sufficiently high doping level and low compensation do not suffice alone for the observation of collexons. 
Additionally the material quality of the undoped semiconductor must be high, which can be confirmed by the 
appearance of luminescence related to the free A- and B-exciton and low HWHM values for the Raman modes 
( 1.3  0.1 cm-1).33 We believe that all, e.g., n-dopants that achieve a close-to-perfect substitution of the 
corresponding host atom should lead to near perfect, doped crystals comprising a degenerate electron gas. Other 
possible candidates are Ge dopants occupying Ga-sites in Ga2O3 or Sn dopants on In sites in InN and In2O3.
 
Methods 
The GaN:Ge samples were grown by metalorganic vapour phase epitaxy (MOVPE) on (0001) sapphire 
substrates (0.25° off-oriented towards the m-direction) with germane as Ge source as reported by Fritze et al.32 
room temperature Hall effect measurements33 were performed with standard van der Pauw method.  
The photoluminescence (PL) and photoluminescence excitation (PLE) experiments were performed in one setup 
comprising a He-bath-cryostat providing a base-temperature of 1.8 K. For the continuous wave PL 
measurements, a HeCd-laser (325 nm) was used, while the PLE measurements were conducted with a dye-laser 
(100 Hz repetition rate, pumped by a XeCl excimer laser) containing 2-methyl-5-t-butyl-p-quaterphenyl (DMQ) 
as active medium. The luminescence signal was dispersed by an additive double monochromator (Spex 1404 - 
0.85 m focal length, 1200 groves/mm, 500 nm blaze) equipped with an ultra-bialkali photomultiplier tube 
(Hamamatsu, H10720-210) . For the time-resolved PL (TRPL) measurements, the sample was excited with the 
fourth harmonic of a picosecond Nd:YAG laser (266 nm, 76 MHz repetition rate) in a Janis micro cryostat  (ST-
500) at a temperature of 5 K. The PL was spectrally and temporally analyzed by a subtractive double 
monochromator (McPherson 2035 - 35 cm focal length, 2400 groves /mm, 300 nm blaze) equipped with a 
multichannel-plate (MCP) photomultiplier (Hamamatsu R3809U-52) limiting the temporal resolution to ≈ 55 ps. 
Standard photon counting electronics were applied in order to derive the final histograms. See Supplementary 
Methods 2 for further experimental details. 
Details regarding the theoretical treatment of electronic excitations in the Fermi sea can be found in the 
Supplementary Methods. 
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Figure 1 | Exciton-like particle stabilization attested by photoluminescence. Optical signature of a highly Ge-doped GaN 
sample showing the typical band gap renormalization (BGR) and Burstein-Moss-shift (BMS) along with two pronounced 
peaks XL and XU associated to many-particle complexes stabilized by the Fermi sea of electrons - the collexons. The inset 
shows a corresponding doping series starting with a non-intentionally doped (NID) sample featuring bound-excitonic 
emission. Upon rising doping concentration, the spectra broaden and the Fermi edge appears, before the two peaks XL and XU 
develop. 
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Free carrier 
concentration 
n 
(× 1E19/cm3) 
XL 
position 
ΕN∗
L (eV) 
XU 
position  
EN
U (eV) 
EN
U - ΕN∗
L  =  
𝐄𝐛𝐢𝐧𝐝 
(meV) ↓ 
γN
L (n) 
HWHM 
(meV) ↓ 
γN
U(n) 
HWHM  
(meV) ↓ 
τD
L  decay-
time 
(ps) ↑ 
τR
L  rise-
time 
(ps) ↓ 
τD
U decay-
time  
(ps) ↑ 
3.4 3.4914 3.5045 13.1 ± 0.3 4.4  ± 0.1 3.4 ± 0.2 303 ± 10 104 ± 10 267 ± 10 
5.1 3.4923 3.5052 12.9 ± 0.3 4.5 ± 0.1 3.0 ± 0.1 344 ± 10 68 ± 10 281 ± 10 
8.9 3.4897 3.5014 11.7 ± 0.3 3.9 ± 0.1 2.0 ± 0.1 303 ± 10 < 10 305 ± 10 
Table I | Summary of the optical properties of XL and XU. The spectral positions of XL and XU (𝚬𝐍∗
𝐋  and 𝐄𝐍
𝐔) extracted 
from Fig. 1 do not exhibit any particular scaling in regard to the free electron concentration due to varying strain levels in our 
layers, cf. Supplementary Note 3. Interestingly, the energetic splitting 𝐄𝐍
𝐔  −  𝚬𝐍∗
𝐋 = 𝐄𝐛𝐢𝐧𝐝 diminishes with rising doping 
concentration along with the HWHM values 𝛄𝐍
𝐋 (𝐧) and 𝛄𝐍
𝐔(𝐧) as indicated by the arrows. The decay-times 𝛕𝐃
𝐋  and 𝛕𝐃
𝐔 
increase with rising doping concentration (except of 𝛕𝐃
𝐋  at n = 8.9E19/cm3, cf. Fig. 2a), while the rise-time 𝛕𝐑
𝐋  associated to 
XL diminishes.  
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Figure 2 | Doping-driven balance between the fundamental excitations XU and XL. (a) Time-resolved photoluminescence 
(PL) analysis of XL and XU for three doping concentrations. All transients (circles) can be approximated by a simple fitting 
model (solid lines) allowing to extract characteristic decay- (𝛕𝐃) and rise-times (𝛕𝐑). (b) Photoluminescence excitation (PLE) 
spectra (top) along with the corresponding photoluminescence spectrum (bottom) showing XL and XU along with the defect-
related band at around 3.425 eV (n = 8.9E19/cm3). All PLE spectra show energy differences in regard to 𝐄𝐍
𝐔 at the given free 
electron concentration in order to eliminate the influence of strain. While XU only shows a weak trace of a single excitation 
channel, XL features four excitation channels related to the topmost three valence bands of GaN and XU. The emission band 
at 3.425 eV is excited predominantly via XL and XU. Interestingly, an increase in the free electron concentration enhances the 
excitation channel related to XU → XL (the PLE spectra are not shifted).  
 16 
 
 
 
 
 
  
Figure 3 | Collexonic excitations in the Fermi sea. (a) The ground state (G) is formed by the degenerate electron gas - the 
Fermi sea - in the Γ7c conduction band of GaN:Ge. Upon optical excitation, inter-band excitations are formed and stabilized 
by the Fermi sea of electrons giving rise to the first excited state, the collexon (XU) with a decay rate γU. In this high-density 
regime, such collexons scatter with electrons in the Fermi sea (γUL), enabling the formation of the bicollexon (XL). Hence, 
the bi-collexon represents a mixed complex of inter- and intra-band electron-hole pairs that decays (γL), forming the second 
excited state. (b) Based on our modelling and the fitting function from Eq. 1 (solid, red lines) we can approximate the 
Photoluminescence data (symbols) related to XU and XL. All spectra are vertically displaced for clarity. 
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SUPPLEMENTARY METHODS 
1. Theoretical method 
The theoretical description of the novel many-particle complexes, collexon and bicollexon, stabilized by the 
presence of a degenerate electron gas from first principles requires the calculation of the spectral behaviour of 
the two- and four-particle Green functions, including the correct occupation of the quasiparticle bands. For the 
two-particle case this is possible by solving a corresponding Bethe-Salpeter equation (BSE).1 Typically, Hedin’s 
GW approximation2 is applied, where for the description of quasi-electrons and quasi-holes vertex corrections to 
the single-particle self-energy are neglected, and only a statically screened Coulomb attraction between electrons 
and holes is taken into account.3,4 In this limit, the BSE can also be solved in the presence of the degenerate 
electron gas.5 This solution contains the band-gap renormalisation and the Burstein-Moss shift on the single-
particle level5–8 as well as the additional screening of the electron-hole interaction, which may lead to a 
dissociation of the exciton bound states and, hence, to the Mott transition9, Fermi edge singularity, and Mahan 
excitons.10 However, even this theory is unable to describe bound electron-hole excitations coupled to the 
degenerate electron gas with an excitation energy close to that of excitons in the absence of free carriers,5 mainly 
due to the omission of vertex corrections in the BSE kernel.1 The inclusion of the vertex function modified by 
the degenerate electron gas is a challenge for future theoretical investigations of the novel complexes. For more 
particle excitations such as in the case of biexcitons and trions in the low-density limit, the situation becomes 
worse as many-particle Green functions are required. Typically, such problems are approached constructing 
model Hamiltonians (see, e.g., Refs. 11,12). A T-matrix approximation containing particle-particle and particle-
hole channels allows the description of charged excitons. Such approximations are also applicable in the 
biexciton case,13 in particular to describe the additional binding between the two electron-hole pairs. Until now, 
there is no attempt to study the influence of a degenerate electron gas on such a four-particle excitation. 
In order to describe collexon and bicollexon complexes additional approximations, based mainly on physical, but 
less on mathematical grounds, have to be introduced.  
Since we are interested in near-band-edge optical phenomena of n-doped wurtzite GaN, we investigate only a 
two band model. Near the -point only the 7c conduction band and the uppermost valence band 9v are taken 
into account. In the undoped case this restriction would be consistent with a study of the A-exciton. We assume 
the two bands to be isotropic as well as parabolic with the effective masses me
∗   and mh
∗  and to be separated by a 
density-dependent direct gap Eg(n).6 Details regarding the band structure as the differences between the effective 
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masses parallel and perpendicular to the c-axis14 and the band coupling giving rise to the non-parabolicity15 can 
be found elsewhere. The optical transition 9v  7c is dipole-allowed at the -point for light polarization 
perpendicular to the c-axis.14 This polarization anisotropy will not be discussed further in the following 
discourse. Introducing the optical susceptibility χ(ω) to describe PL and PLE spectra (see Eq. 1 in the main 
article) we assume that the density-dependent envelope functions of the two complexes at vanishing particle 
distances are ϕN∗
L (0) and ϕN
U(0). This fact indicates that the sum of the oscillator strengths of the two complexes 
is not conserved for varying electron density as observed experimentally for trion and exciton.16,17 In the 
collexon case it is described by the density-dependent Fourier-transformed envelope function, here given by:3,12 
AN
U (k)~ ∫ d3xϕN
U(x)eikx.  
One may approximate this expression by the Fourier transform of a hydrogenic 1s-wave function 
AN
U (k)~ [1 + (aN
U(n)k)
2
]
−2
 
with a characteristic radius aN
U(n). However, its density dependence strongly deviates from that of a screened 
Wannier-Mott exciton, which underlies a Mott transition in contrast to the collexon. Here, we have a complex 
whose characteristic extent is reduced by the exchange interaction with the electron gas. For the four-particle, 
bicollexon complex, three different relative motions appear. However, the most important one is the relative 
motion of the electron with respect to the corresponding hole in different bands. In order to illustrate the small 
extent of the complex, we similarly indicate this matter by assuming vanishing as indicated by ϕN∗
L (0), relative 
particle distances.  
The localisation of the complexes in the presence of the electron gas leads to excitation energies EN
U(n) and 
EN∗
L (n) of the complexes, which are not coupled to the Burstein-Moss edge Eg(n) + εF as in the high-density 
limit of Mahan excitons (compare Fig. S1). On the contrary, collexon and bicollexon appear below the excitation 
energy of an exciton in the absence of free carriers. This observation may be interpreted as a consequence of the 
unscreened particle-particle exchange with energies of the order of εF for the electron-hole pairs excited virtually 
in the degenerate electron gas, thereby, almost compensating the Burstein-Moss shift. 
Taking the collexon and bicollexon into account, the spectra in Fig. 3b can be approximated in the high density 
regime by 
Im χ(ω) = |M|2 {NU
|ϕN
U(0)|
2
γN
U(n)
[EN
U(n)−ℏω]
2
+[γN
U(n)]
2 + N
L |ϕN∗
L (0)|
2
γN∗
L (n)
[EN∗
L (n)−ℏω]
2
+[γN∗
L (n)]
2}, 
where collexon and bicollexon parameters, which are explained in the main article, are functions of the free 
carrier density (compare Eq. 1 in the main manuscript). 
The relation of the two many-particle complexes, collexon and bicollexon, can be discussed in two ways. The 
collexon may be considered as a dissociated bicollexon, where the intraband electron-hole pair recombines. We 
follow the more intuitive picture of a bound interband electron-hole pair stabilized by the electron gas, the 
collexon. Due to the strong interaction with the Fermi sea, the collexon may capture a low-energy electron-hole 
pair, whose binding in the complex overcomes its virtual excitation energy. This capturing is described by a pair 
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self-energy ∑ (n)LN∗  in Eq. 1 (see the main manuscript). The self-energy ∑ (n)
L
N∗  may be approximated in the 
framework of a T-matrix approximation with an effective attracting potential, similar to the treatment for 
quantum wells.18,19 
Additionally, especially in GaN, it has to be taken into consideration that the emission linewidth of excitons is 
not trivially related to the inherent decay time. The particular spectral line shape depends on many factors such 
as, excitation energy, strain, and impurity density.20 Specifically high doping densities lead to a pronounced 
broadening of spectral emission lines in bulk GaN as well as related nanostructures.21,22 Starting at a free electron 
concentration of n = 3.4E19/cm3, the emission linewidth of XU and XL diminishes as all detrimental effects of 
the host lattice - dictating the initial linewidths of XU and XL - are overcompensated by the beneficial 
stabilisation action of the Fermi sea of electrons. Hence, by increasing the free electron concentration, the weight 
for the origin of the observable linewidth is shifted from the crystal lattice to the degenerate electron gas. The 
rising doping concentration continuously weakens the quasi-bosonic character of all excitonic complexes until a 
re-bosonization is achieved in the form of XU and XL with rising free electron density and diminishing emission 
linewidths. 
2. Supplementary experimental techniques 
All (micro) Raman measurements were recorded with a Horiba LabRAM HR 800 (80 cm focal length, 
1200 g/mm, 500 nm blaze) as described in Ref. 23 in detail. The Hall-effect measurements for determining the 
free electron concentration were undertaken in the standard Van-der-Pauw configuration. Secondary Ion Mass 
Spectrometry (SIMS) analysis was performed with an ATOMIKA 6500 quadrupole secondary ion mass 
spectrometer. Analysis for germanium was achieved using a Cs+ primary beam with an incident energy of 
14.5 keV and detection of negative secondary 74Ge ions. The 45 nA primary beam was typically scanned over a 
200 m x 200 m area with ions detected from a region of 2500 m2 around the corresponding centre. 
Low-temperature cathodoluminescence (CL) spectroscopy was directly performed in a modified JEOL 6400 
scanning electron microscope (SEM) to study the optical properties of the individual GaN layers with a 
nanoscale spatial resolution.24,25 For SEM-CL measurements, the electron beam was focused to a spot and either 
kept at a single position or scanned over the region of interest over the sample surface. Simultaneously, the 
emitted light is collected by an elliptical mirror and focused onto the entrance slit of a grating monochromator. 
Using Si-diode array intensified by a multi-channel plate, spectrally resolved CL imaging is performed. The 
measurements were operated at 5 keV and an electron-beam current of 110 pA 
SUPPLEMENTARY NOTES 
1. Photoluminescence of the undoped GaN buffer 
The luminescence signal introduced in Fig. 1 is dominated by the highly Ge-doped GaN layer and does not show 
any contributions from the underlying GaN buffer layer. This statement is especially true for the two distinct 
luminescence signatures XU and XL in addition to the BGR and BMS luminescences that confirm the 
corresponding doping level. At the given excitation wavelength of 325 nm, the penetration depths for the laser 
light amounts to approx. 80 nm,26 well below the GaN:Ge layer thickness of 700 nm (3.0E18/cm3 - 5.1E19/cm3). 
In order to further prove this point, the sample with the highest doping concentration (8.9E19/cm3) exhibits a 
GaN:Ge layer thickness of 3.6 m. Not even such large rise in GaN:Ge layer thickness affects, the appearance of 
XU and XL in the PL spectra (see the inset of Fig. 1), nor the particular, directly related scaling behaviours for 
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several parameters as reported in Tab. I (decay- and rise-times, energetic positions, linewidths). In addition, a 
careful comparison of the luminescence related to the sole buffer layer (not intentionally doped - nid) and Ge-
doped layers (e.g. 2.0E18/cm3 and 5.1E19/cm3) exhibits quite obvious differences as shown in Fig. S1. First of 
all, the not-intentionally doped (nid) GaN buffer layer’s luminescence is dominated by bound-excitonic 
luminescence (DBX, oxygen-related27) in addition to free excitonic contributions (FXA and FXB) at least one 
order of magnitude lower in intensity, cf. Fig. S2. As soon as the free electron concentration rises towards 
2.0E18/cm3, FXA and FXB fall under the detection limit, cf. Fig. S1. Any further rise in free electron 
concentration (e.g. towards 5.1E19/cm3) re-establishes two peaks of comparable intensity (XU and XL) in 
addition to BGR and BMS luminescence. 
  
Fig. S1 | Photoluminescence comparison. The not-intentionally doped (nid) GaN layer exhibits a pronounced trace of 
donor-bound excitonic luminescence (DBX, oxygen-related) in addition to the signature of the free A and B exciton (FXA 
and FXB) at least one order of magnitude lower in intensity, cf. Fig. S2. As soon as the electron concentration rises 
(2.0E18/cm3), the free excitonic luminescence falls under the detection limit. Interestingly, any further increase in free 
electron concentration (5.1E19/cm3) evokes the emission of XU at the energy position of FXA in the undoped GaN layer in 
addition to the appearance of XL in clear energetic separation to the DBX luminescence of the lower or not-intentionally 
doped samples. The inset shows that XL and XU are even still visible at a temperature of 100 K. 
 
The most direct proof for the fact that XU and XL arise from the Ge-doped GaN layer appears from highly 
spatially resolved PL and Cathodoluminescence (CL) measurements. Mapscans over the surface of the samples 
do not show any intensity inhomogeneities for XU and XL that could possible, e.g., be related to structural defects 
or clustering (not shown). In addition, highly spatially resolved cross-section CL spectra (see. Fig. S2) reveal 
that the highly Ge-doped layers are at least one order of magnitude brighter than the underlying GaN buffer 
layer, even if only the amplitudes are taken into account. For a better comparison Fig. S2 includes the low 
excitation power PL spectrum (P = 1 W/mm2) from Fig. 1 associated to the highest doped sample 
(n = 8.9E19/cm3), along with a counterpart recorded at elevated excitation powers (P = 100 W/mm2). Here, the 
defect-related broad emission band at around 3.425 eV (compare Fig. 2b (bottom)) is strongly suppressed due to 
saturation effects, similar to the corresponding CL spectrum recorded perpendicular to the c-axis, cf. Fig. S2. 
Nevertheless, both emission peaks XL and XU are still present in the CL spectrum of the GaN:Ge layer in 
addition to the BGR and BMS luminescence. Naturally, the overall signal level in the cross-section CL 
measurements is lower in comparison to the PL measurements measured directly out of the c-plane of the 
GaN:Ge sample, as any cleavage of GaN introduces structural defects and relaxation. The latter point is directly 
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evidenced by a global shift of XL and XU towards lower energies (< 5 meV) in the cross-section CL spectrum of 
the GaN:Ge layer shown in Fig. S2.  
 
Fig. S2 | Photoluminescence-Cathodoluminescence comparison. The not-intentionally doped GaN buffer layer exhibits a 
cross-section (perpendicular to the c-axis) cathodoluminescence (CL) spectrum (grey) that is dominated by donor-bound 
exciton (DBX) emission, cf. Fig. S1. A comparable spectrum of the GaN:Ge layer close to the sample’s surface shows a 
much stronger overall signal related to band-gap-renormalization, the Burstein-Moss shift, as well as XL and XU. A direct 
comparison to a photoluminescence spectrum recorded at elevated excitation powers (light green, P = 100 W/mm2) allows a 
straightforward association of all spectral features. Reducing the excitation power for the PL analysis (dark green, 
P = 1 W/mm2) restores the emission characteristics shown in Fig. 1, along with a defect-related emission band at around 
3.425 eV. Hence, none of the PL spectra reported in this manuscript for GaN:Ge are affect by any contributions from the 
GaN buffer layer underneath. 
 
Depth-resolved CL measurements provide another useful method to further substantiate that XL and XU arise 
from the highly Ge-doped GaN layer. Here Fig. S3 shows such CL spectra with varying excitation voltage and 
therefore electron penetration depths into the sample. The inset of Fig. S3 illustrates the corresponding depth-
dependency of the CL signal based on Monte-Carlo-Simulations. While at acceleration voltages up to  10 kV 
almost the entire CL signal arises from the GaN:Ge layers, any further increase in acceleration voltage shifts the 
origin of the CL signal towards the GaN buffer layer as shown in the inset of Fig. S3. Interestingly, despite the 
large change in acceleration voltage from 2 - 30 kV no change occurs for the CL signal. The luminescence of XU 
and XL is always observed in addition to the BGR and BMS luminescence as characteristics for the highly doped 
GaN:Ge layer. Hence, Fig. S3 indirectly proves the main point from Fig. S2 - the GaN buffer layer only exhibits 
a minor contribution to the overall CL signal that is always dominated by the GaN:Ge layer. As seen from 
Fig. S3, low CL acceleration voltages of, e.g., 2 kV approach the penetration depths of the UV laser light as 
discussed in Supplementary Note 1. Hence, the luminescence of XU and XL must always be related to the 
GaN:Ge layer, regardless of whether CL (Fig. S2 and S3) or PL excitation (Fig. 1) is applied.  
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Fig. S3 | Depth-resolved cathodoluminescence spectra. Varying the acceleration voltage from 2 - 30 kV scans the origin of 
the cathodoluminescence (CL) signal through the sample’s depth as shown in the inset based on Monte-Carlo-simulations. 
The luminescence related to XL and XU is always present at similar intensities independent on the electron penetration depth. 
Increasing the acceleration voltage beyond 10 kV might shift the potential origin of the entire CL signal towards the GaN 
buffer layer, however, no change in the overall CL signal is observed due to its weak luminescence contribution as already 
demonstrated based on cross-section CL spectra, cf. Fig. S2. Hence, XL and XU originate from the GaN:Ge layer. 
 
Consequently, even for GaN:Ge layer thicknesses below 700 nm we would not expect any pronounced 
luminescence contributions of the GaN buffer for c-plane PL measurements similar to Fig. 1. Consequently, the 
particular luminescence signature of XU and XL arises from the GaN:Ge layer. Further experimental proof 
regarding the negligible influence of the GaN buffer layer in the PL spectra is given in Supplementary Note 4 
based on reflection data. 
2. Compensation and strain in germanium-doped GaN 
Our samples show no sign of any compensation mechanism up to a germanium concentration of 7E19/cm3 and 
only the onset of such an effect at 18E19/cm3. In order to illustrate this observation, Fig. S4 correlates the 
germanium concentration of all our GaN:Ge samples determined by secondary ion mass spectrometry (SIMS) 
with the corresponding free electron concentration derived from three different experimental techniques, namely 
Photoluminescence and Raman spectroscopy (Fermi-edge shift8 and LPP--mode23 analysis) as well as Hall-effect 
measurements. These techniques were applied at different temperatures, but the increase of free carrier 
concentration over temperature is marginally in degenerated semiconductors.23 As shown in Fig. S4, almost 
every Ge-atom contributes a free electron up to a germanium concentration of 7E19/cm3, before the onset of 
compensation and passivation occurs. Hence, our samples allow the study of an almost uncompensated 
semiconductor with free electron concentrations that approach the 1E20/cm3 regime. In order to substantiate this 
claim, the following Supplementary Note 3 demonstrates that the Fermi-edge in the photoluminescence data 
experiences a constant shift towards higher energies with rising free carrier concentration - a phenomenon that is 
accompanied by rising decay-times, cf. Supplementary Note 3. 
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Fig. S4 | Dopant vs. free electron concentration - compensation analysis. Secondary ion mass spectrometry yield the 
germanium concentration in our samples. The corresponding free electron concentration is determined by three 
complementary techniques; namely Hall effect measurements, Raman (analysis of the longitudinal phonon plasmon – LPP- 
coupling), and Photoluminescence (PL) spectroscopy (energetic position of the Fermi edge in the Burstein-Moss-shifted part 
of the luminescence). Interestingly, for germanium concentrations (nGe) of up to 7E19/cm3 we observe an almost linear rise 
with free electron concentration - a clear sign of negligible compensation. Only the sample with the highest free carrier 
concentration n = 8.9E19/cm3 starts to show compensation in direct agreement with the time-resolved data from Fig. 2a.  
 
Further evidence for the low compensation level in our GaN:Ge samples is provided by photoluminescence and 
transmission measurements over a broad energy interval as shown in Fig. S5. For instance, the sample with the 
second highest germanium concentration with a free electron concentration of 5.1E19/cm3 exhibits an almost 
identical transmission up to the Fermi-edge if compared to the GaN:nid reference sample with the same 
thickness. Please note that the transmission modulation in Fig. S5 is caused by the particular layer stack of our 
samples. No trace of any defect-induced absorption in the visible range is noticeable28 for this free electron 
concentration  (5.1E19/cm3) as the transmission features an almost flat characteristic over the broad energy 
interval from Fig. S5. A multitude of doping approaches is known to cause the, so-called, yellow and blue defect 
luminescence in GaN,29 which are both not pronounced in our sample, cf. Fig. S5. The GaN:Ge sample with the 
highest free electron concentration (8.9E19/cm3) exhibits a  15 % reduced transmission (not shown) due to the 
onset of compensation and defect formation (e.g. induced by V-pits). 
 
Fig. S5 | Transmission and Photoluminescence characteristics. The sample with a doping concentration of 5.1E19/cm3 is 
close to transparent over a broad energy range, only limited by the Fermi-edge at a temperature of 300 K. No absorption 
related to yellow or blue luminescence can be observed as most directly proved by the corresponding photoluminescence data 
recorded at a temperature of 5 K.  
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Nevertheless, the entire transmission characteristic is still comparably flat over a wide energy interval without 
any distinct traces of defect-related bands that would lower the transmission. Hence, the level of compensation 
due to the influence of defects is minor in our samples. Only the sample with the highest doping concentration 
marks the onset of compensation (see Fig. S4) as further discussed in the context of Fig. 2 and in 
Supplementary Note 3, while an extraordinary high level of transmission is maintained. 
The strain variation in our samples with germanium concentration is discussed in Ref. 23 in detail based on 
Raman spectroscopy. Here, the E2
high
 mode can be used to derive, the corresponding strain tensor component εzz 
based on a set of stiffness constants30 and phonon deformation potentials.31 Fig. S6 correlates ε𝑧𝑧 for our non-
intentionally doped (nid) GaN sample (triangles) with the free exciton transition energies related to the A- (grey), 
B- (light red), and C- (light blue) valence band (VB) in addition to the first excited-state of the A-exciton (light 
green, n = 2). For the GaN:nid sample we observe perfect agreement between the free exciton transition energies 
derived from PL and PLE measurements. In contrast, all Ge-doped samples feature an energetic offset in 
between the PL- and PLE resonances as described in more detail in Supplementary Note 4.  
 
Fig. S6 | Strain analysis. Based on Raman spectroscopy we quantify the strain state of our samples expressed by ℇ𝒛𝒛 and can 
consequently derive the energetic position of luminescence features related to the A- (grey), B- (light red), and C- (light blue) 
valence band (VB) based on Ref. 32 (solid lines). The directly related energetic position of free excitonic luminescence of our 
not-intentionally doped (nid) GaN sample is shown (triangles) in addition to its counterpart originating from the highly Ge-
doped samples (circles). It is apparent, that the energetic position of all exciton-like resonances is dominated by the strain 
state in our samples. Please see the text for further details.  
 
Here, Fig. S6 summarizes the energy of all XU-related excitation channels from PLE measurements (circles) we 
observe for our GaN:Ge samples, in direct relation to the strain tensor element ε𝑧𝑧. As introduced in Fig. 2, these 
excitation channels of XU stand in close relation to the three topmost valence bands of GaN and are labelled 
accordingly with XB
U, X
n = 2
U  and  XC
U. Here, X
n = 2
U  again denotes the excited state excitation channel (n = 2)‚ 
related to the A-valence band. Based on Ref. 32, all ε𝑧𝑧 values can be translated into corresponding free-exciton 
emission energies as shown in Fig. S6 (solid lines). The Ge doped samples with free carrier concentrations 
below 3.4E19/cm³ do not show any similar luminescence features. As a result of this comparison in Fig. S6, it is 
apparent that the absolute energetic positions of all PLE excitation channels are dominated by the varying strain 
level in our samples - an observation that also directly applies for all emission energies derived from PL 
measurements. Nevertheless, especially for the sample with the highest free electron concentration (8.9E19/cm3) 
one observes an additional shift of the excitation channels towards higher energies in comparison to the 
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expectations based on the strain level determined by Raman spectroscopy (solid lines). We explain this 
phenomenon that is directly related to the offset between PL and PLE resonances in Supplementary Note 4. In 
addition any offsets in Fig. S6 are caused by the fundamentally different physical origin of free excitons and 
collexons leading to deviating, electronic deformation potentials. However, for both cases we expect a most 
prominent influence for the strain dependence of the valence bands that is directly demonstrated by the 
comparison shown in Fig. S6. 
The effect of the varying strain level in our samples is partially reflected by the linewidths trend related to XL 
(see Tab. I) that is influenced by the strain level in the GaN:Ge layers and the free electron concentration. 
Within the present, minor strain variation23 the energetic half-width of XL rises with increasing biaxial stress. 
Wagner et al. found a similar behaviour for bound and free excitons in ZnO.33,34 Therefore, the linewidths of XL 
exhibits a maximum for the sample with a free electron concentration of 5.1E19/cm3 as a maximal bisotropic, bi-
axial compressive stress of 1.19 GPa occurs. Any further rise of the free electron concentration leads to a 
decrease in the linewidths as the beneficial stabilisation effect by exchange overcompensates the detrimental 
strain effects. 
3. Time-resolved Photoluminescence analysis 
The transients for XL and XU from Fig. 2a are differential transients that are not affected by the background of 
the band-to-band transitions introduced in Fig. 1. In order to derive this particular and most suited type of 
transients, we first recorded the temporal decays at the spectral positions of XL and XU yielding an overlap 
between the temporal intensity evolution of the background and the collexon complex of choice, requiring a 
correction in order to derive the unperturbed decay-times of XL and XU. Second, transients that only include the 
background luminescence were recorded at spectrally most suited positions. As the temporal behaviour of the 
background luminescence scales with the emission energy (shortens with emission energy, i.e. towards the Fermi 
edge of the band-to-band-transitions) we chose to record the exclusive decay of the band-to-band transitions at 
an energy spacing of twice the full width at half maximum of the individual XL and XU emission peak.  
Consequently, we subtracted both sets of transients in order to extract the differential transients of XL and XU.  
 
 
 
 26 
 
Fig. S7 | Fermi edge analysis. The decay-times τBMS (black symbols) at the Fermi-edge of the band-to-band transitions 
(Burstein-Moss-shifted contribution) increases with rising doping concentration. Hence, even at the highest doping 
concentration we do not observe a strong contribution of compensation mechanisms that would otherwise inverse this trend 
as commonly observed for other semiconductor compounds.35 At low doping concentrations, we can still observe a variation 
of the decay-times depending on the excitation power depending on the ratio between optically excited charge carriers and 
free electrons introduced by the doping. Naturally, towards higher doping concentrations this decay-time variation vanishes. 
The energetic position of the Fermi-edge (blue symbols) reflects the free electron concentration introduced by the Ge-doping. 
 
Please note that it is a clear prerequisite of this subtraction to record transients over several orders of magnitude 
(five to six in our case) in order to achieve a sufficient signal/noise-ratio, cf. Fig. 2a. The temporal evolution of 
the high energy luminescence affected by the Burstein-Moss-shift (BMS) can most efficiently be compared 
between the analysed samples if the Fermi-edge is chosen as the spectral position. Fig. S7 depicts such a 
comparison of τBMS for two excitation powers (10 MW/cm2 and 10 GW/cm2)  along with the spectral position of 
the Fermi edge determined under low-excitation power conditions (100 W/cm2 - identical value as in Fig. 1). 
The latter choice is of special importance as optically excited charge carriers also shift the high-energy edge to a 
certain extend depending on the doping concentration. With rising free electron concentration τBMS rises as a 
clear sign of negligible compensation, cf. Supplementary Note 2. Pauli-blocking occurs in the conduction band 
with rising free electron concentration, leading to a corresponding k-space filling that prolongs the measured 
decay-times. This is a significant observation as an increasing doping concentration is typically accompanied by 
diminishing decay-times.35 
4. Photoluminescence excitation spectroscopy 
In Fig. 2b we show a shift in between the maxima of the PLE spectra related to XU and the corresponding PL 
features, which rises towards higher energies with increasing free electron concentration. In addition, a similar, 
electron-density-dependent shift can be observed for all excitation channels related to XB
U, X
n = 2
U  and  XC
U. 
Interestingly, the PLE maximum related to XL is also shifted towards higher energies when compared to its PL 
counterpart as noticeable in the PLE spectrum associated to the defect band situated at 3.425 eV. Similar shifts 
between PLE and PL maxima have been attributed to self-absorption processes often related to donor-acceptor-
pair luminescence in, e.g., GaN27 and CdS.36 In our case, any excitation energy in close resonance to XU 
promotes the generation of XL related complexes scaling with free electron concentration due to an 
intensification of the closely related scattering process quantified by means of τR
L , cf. Fig. 2a and 3. However, 
the pronounced generation of XU complexes at the GaN:Ge sample’s surface also promotes the absorption of 
light that arises from the decay of XL by means of XU dissociation - a process similar to infrared absorption of 
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free excitons in Si and Ge that shows an absorption extension towards the free excitonic continuum.37,38 Hence, 
the most efficient generation of XL via the total resonant excitation of XU complexes is not necessarily 
accompanied by a maximum in PL intensity as the entire process is counterbalanced by a self-absorption 
process. Finally, it is exactly this subtle balance between close-to resonance excitation and self-absorption 
processes that governs the particular structure of the PLE spectra shown in Fig. 2. In this picture it is also 
possible to understand the electron-density-dependency of the maximum in the PLE spectra related to XL. As 
long as the scattering process that feeds XL via XU is of limited efficiency due to a comparably low number of 
free electrons (3.4E19/cm3), the self-absorption process is negligible and only a minor shift in between the 
maximum in the PLE and PL spectrum occurs. However, as soon as the free electron concentration rises, the 
resonant excitation of XL via XU becomes increasingly efficient as the underlying  scattering processes are 
enhanced (5.1E19/cm3 and 8.9E19/cm3). A closer look to the PLE spectrum of the defect-related band 
(3.425 eV) in Fig. 2a even shows that the offset in between the PLE and PL maxima is here more pronounced 
for XL. Hence, XL constitutes the supreme excitation channel of this defect-band as the strongest sign of a self-
absorption process is observed, despite the fact that both excitation channels related XU and XL show similar 
intensity in the PLE spectrum. A detailed analysis of the microscopic origin that balances the intensity ratio for 
this defect-band goes beyond the scope of the present manuscript and must remain a task for future work. 
 
Fig. S8 | Luminescence vs. reflectivity. The occurrence of XU and XL in the photoluminescence spectrum (black) is directly 
accompanied by a pronounced change in reflection (normalised). This observation does not only exclude that XU and XL are 
related to any Ge-bound excitonic luminescence but also precludes an effect of the GaN buffer layer. Only complexes similar 
to free excitons evoke such strong reflection changes - in our case represented by a collexon and bicollexon. 
Fig. S8 shows a data compilation that was extracted from our polychromatic PLE data that we not only recorded 
with a dye-laser but also with a conventional XBO-lamp. The figure contains an extracted PL spectrum from 
above Fermi-edge excitation (black line) and reflectivity data (green line). As the back-reflected lamp intensity is 
continuously monitored during the recording of the polychromatic PLE spectra, a reflectivity spectrum can 
straightforwardly be extracted. Here, a pronounced change in reflectivity is observed in close energetic vicinity 
to the spectral position of XU and XL in the PL spectrum, cf. Fig. S8. Such behaviour is known for complexes 
like free excitons causing major reflectivity changes in contrast to classical bound excitons.39 Hence, our 
observation from Fig. S8 supports our interpretation of XU and XL as a novel type of quasiparticles unaffected by 
impurities, like, e.g., Ge-donors. Furthermore, Fig. S8 indirectly proves that neither XL nor XU arise from the 
buffer layer underneath the GaN:Ge layer as discussed in Supplementary Note 1. Any luminescence 
contribution of the GaN buffer layer would always be dominated by bound-excitonic luminescence that stands in 
 28 
total contrast to the strong change in reflectivity directly observed in Fig. S8. At this point, low-temperature 
ellipsometry measurements represents a task for future work. 
5. Temperature-dependent Photoluminescence 
The exciton-like character of XL and XU is confirmed by their rapid thermalization behaviour as shown in the 
inset of Fig. S9. Both emission bands vanish simultaneously, while the Burstein-Moss-shifted background 
luminescence of band-to-band transitions remains comparably stable. Here, Fig. S9 summarizes the 
corresponding thermalization behaviour of XL, XU, and BMS in an Arrhenius-plot. The trend of diminishing 
intensity with rising temperature is fitted in accordance to Ref. 40 under consideration of two thermal activation 
energies. The background of the band-to-band transitions is most robust against all thermalization processes, 
while XU and XL thermalize more rapidly. This behaviour can be understood as soon as the particular physical 
origin of XL and XU as a bicollexon and a collexon is taken into account. The liberation of one of the constituents 
(electron or hole) of the individual many-particle complex always leads to a complete dissociation of XL or XU. 
Hence, an increasing number of particles that form the underlying excitonic complex (collexon  bicollexon) 
increases the susceptibility to thermalization. Hence, XL exhibits smaller thermal activation energies than XU, 
while the BMS luminescence constitutes the most simplistic and therefore also most resistant luminescence. 
More detailed studies of this particular temperature dependency must be undertaken with focus on the doping 
and excitation power - another motivation for future research. A high temperature PL spectrum (100 K) of the 
collexons is shown in the inset of Fig. S1. 
 
Fig. S 9 | Temperature-dependent luminescence. The luminescence associated to XL and XU shows a complex temperature 
dependency (inset) before both emission lines vanish simultaneously at a temperature of 75 K. The detailed analysis of the 
thermalization behaviour of XL, XU, and the Burstein-Moss-shifted (BMS) background luminescence, reveals different 
activation energies. Here, BMS is most robust against thermalization mechanisms, while XU and XL thermalize more rapidly 
depending on the number of particles forming the underlying excitonic complex. 
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